Conductive polymers with high solids loading (> 40wt.%) are challenging to pattern to single micron feature sizes and require unique techniques or templates to mold the material. The development of a conductive polymer optical tag is discussed for identifying the presence of hydrofluoric acid (HF) and leverages free standing silicon fins as a template utilizing deep reactive ion etching (DRIE) techniques will be discussed. This work is aimed towards a future flexible conductive polymer tag to be transferred via adhesive or epoxy for a novel sensor surface. The advantage to this technique over wafer thinning is a higher throughput of device manufacture without damage to the silicon fins or polymer due to chemical-mechanical interactions or added protective layers. The gratings consist of a high spatial frequency (1.15 m pitch) grating consisting of lines of conductive polymer and lines of silicon which are free standing. A novel running bond pattern aims to minimize the intrinsic stress and allows the conductive polymer to infiltrate without distorting the template. The polymer conductivity mechanism has been designed to break down under a chemical binding to fluorine; changing its conductivity upon exposure, and results in a change in the polarization response. The use of the polarization response makes the signal more robust to intensity fluctuations in the background or interrogation system. Additionally, the use of optical interrogation allows for standoff detection in instances where hazardous conditions may be present. Examples of material and device responses will be shown and directions for further investigation are discussed.
INTRODUCTION
Hydrofluoric acid (HF) is used in many industrial processes; however, its high level of toxicity and adverse environmental impact has prompted considerable efforts to properly monitor its presence and concentrations. Successfully sensing HF in a compact form has proven difficult for several reasons including the existence of other reactive species, e.g. chlorine, in the same vicinity. It would also be useful to have a monitoring technique that provides a persistent and cumulative sensing of HF levels providing the equivalent of an integrated exposure level. Additionally, a sensor that can be read remotely would allow the use of the device within hazardous areas or equipment. Finally, a passive device removes the difficulties associated with providing power to the device. This research is aimed at an optical (infrared) device with a polarization signature susceptible to HF for practical measurements at a standoff distance. The approach uses a classic wiregrid polarizer design with the lines comprised of conductive polymer composite recessed in silicon. The polarization signatures are directly related to the conductivity of the polymer composite. This conductivity is altered by the introduction of HF leading to a measurable change in the response of the device. This change can be read from a distance by actively interrogating the device with a laser or by imaging with a polarimetric imaging system. The successful demonstration of an HF specific polarization tag could be leveraged to realize devices sensitive to other industrial materials ultimately providing a suite of sensors. 
MATERIAL DEVELOPMENT
Silicon, boron, titanium, and aluminum have large binding energy with fluoride, with silicon (552.7 +/-2.1 kJ/mol) 1 at room temperature. This property makes synthetic polymers and/or polymer composites from this list of materials an attractive platform for sensors. Most silicon containing polymers are insulating silicone or silane derivatives. In order to increase polymer conductivity, a silicon terminated conjugated polymer is selected. The conjugated backbone of the polymer allows for electron mobility, while the silicon molecule attracts the fluoride anion. The binding event between the fluoride and silicon causes the conjugation to be broken, therefore changing the conductivity of the network. Figure 1 depicts the intended fluoride/silicon interaction to break the conduction pathway.
A literature search identified numerous possible approaches for polymer fabrication. [2] [3] [4] Several of these options were investigated in the laboratory and evaluated against several criteria including environmental stability, sensitivity to 100 ppm aqueous HF exposure, selectivity against other acids and level of conductivity. Finally, the material needed to respond in the presence of headspace vapor HF. The headspace is defined from the vapor in equilibrium above highly concentrated hydrofluoric acid in deionized water.
Dopants to Improve Conductivity
Several strategies were leveraged to understand improving conductivity in the silicon polymer, while retaining fluoride sensitivity. The described criteria of 100 S/cm for conductivity quickly dictated the addition of conductive dopant blends to be utilized, as base polymer conductivities were only in the range of 10 to 50 S/cm. Metal nanoparticles, reduced graphene oxide, carbon black, and carbon nanotubes were all researched and down selected to multiwalled nanotubes (MWCNTs). Multiwalled nanotubes were chosen through criteria of conductivity and using the lowest weight percent in the final composite.
Enhancing Sensitivity and Selectivity
Titanium dioxide (TiO 2 ) was also added to the polymer/MWCNT blend to add sensitivity. TiO 2 is used in numerous applications from sunblock, to organic photovoltaics. [5] [6] [7] Commonly, the material is well noted for photo-current, and photoelectrochemical properties when exposed to ultraviolet radiation. This large bandgap material is not generally referred to for its chemical sensitivity towards HF. A small number of reports [5] [6] [7] describe the fluorine reactivity with titanium dioxide, however literature in this area is extremely limited. The reaction of TiO 2 with HF will be described below. 
SILICON POLYMER SYNTHESIS AND BLENDING
The synthesis of the silicon polymer used 1,3 diethynylbenzene from Aldrich, platinium divinyltetramethyldisiloxane complex (Karstedt's catalyst) purchased from Huls, 1,4-bis(dimethylsilyl)benzene was purchased from Gelset, toluene (99.8% anhydrous) was purchased from Sigma-Aldrich. All chemicals were used as received from suppliers.
The procedure established to synthesize poly(1,3 divinyl diphenyl silane) via hydrosilyation reaction used the following: a 5 millimolar (mmol) solution of 1,3 diethynylbenzene was added to 100 milliliter (mL) round bottom flask equipped with a reflux condenser and purged with nitrogen three times, followed by the addition of 1.1 mL 1,4-bis(dimethylsiyl)benzene and 10 mL toluene were added by syringe. The solution was brought to reflux at which point Karstedt's catalyst (5.0 mL) was added and the solution was held at reflux overnight. The solution was cooled the next day and precipitated into ice cold ethanol (100 mL) to yield a pale yellow polymer. Figure 2 shows the reactionary species and balanced product using the catalysis based synthetic procedure.
Silicon Polymer, Dopant, and TiO 2 Blending
Stock solutions of the silicon polymer and multiwalled carbon nanotubes (MWCNT) are prepared using the following materials listing: carbon nanotubes from Nanostructured and Amorphous Materials Inc., with a distribution of 40-70 nm in diameter and 0.5 mm to 5 mm in length; nanoparticle titanium dioxide from SigmaAldrich with a blend of anatase and rutile, with an average size of 100 nm; dimethylformamide (DMF) (99%) from Aldrich is used to formulate stock solutions.
The silicon containing polymer is blended at 100 milligrams per milliliter of solvent (DMF), while the MWCNTs are suspended in DMF at 1% by weight to volume ratio in solvent. The TiO 2 is blended by a weight percent with respect to the total polymer and carbon nanotube weight in solution.
Once the desired blend is completed, all the solvent is removed using a rotary evaporator system. The blend polymer composite is then re-suspended using 500 mL of DMF, mixed and sonicated for 2 minutes each before solution phase testing. 6 In this research, we prepared samples to investigate the nano-composite's reaction to headspace HF vapor of 30 ppm for 24 hrs. The mixture utilized 5.3 wt.% of HF in DI-water and is sealed in a designed PVDF well for exposures with a sample sitting above a moat of solution. The samples are prepared using planar silicon substrate and chrome/ gold (Cr/Au) stack. The nano-composite is roll coated on 1" by 1" coupons to imitate the roll coating used in device fabrication, in section 5. Wetting to the gold surface showed variability, however, still provided enough sample for surface analysis. The Cr/Au stack enabled a robust ground to be generated for X-ray photoelectron spectroscopy (XPS) to prevent sample charging.
A Kratos Axis Ultra DLD with monochromatic Al K-alpha X-rays was used for XPS analyses. Survey and high resolution spectra were recorded with pass energies of 160 and 40 eV, respectively. Charge neutralization was effectively eliminated by using a conductive substrate beneath the roll-coated polymer blend.. 
MATERIAL RESPONSE TO HF VAPOR
XPS was performed to interrogate the binding of fluorine to selected components of the composite tag. Films of individual components, polymer, MWCNT, and titania, and films of mixtures of two or three components were also prepared. The films were deposited on gold substrates to eliminate any possible interference from charging. Samples were analyzed in their as-received condition, and after exposure to the headspace from 5.3% HF and 15% HF. Exposure of individual and composite films to HF resulted in the presence of fluorine in all cases where titania was present in the film. MWCNT films also showed fluorine after exposure. Fluorine was retained after two weeks of air exposure of the respective films suggesting that the fluorine is chemically bound to a component within the film, Figure 3 . Fluorine content appeared to correlate with titania content in the near surface region. Figure 4 shows the Ti 2p spectra for composite samples exposed to the headspace from 5.3% HF and 15% HF. The Ti 2p peak broadened and shifted towards higher binding energy with increasing HF exposure. The literature on XPS characterization of fluorine reaction with TiO 2 is extremely limited, however, these results appear to indicate the displacement of either hydroxide or bridging oxygens from the the TiO 2 particles resulting in Ti-F bonds at the surface. [7] [8] [9] Future work will continue to investigate the fluorine reaction with MWCNT and polymer components in the film. At present, the most conclusive correlation has been observed between fluorine and titania. Figure. 3. XPS survey spectra are shown for composite films on gold substrates. (A) The as-received composite film shows Ti, C, O, and Si as expected, although gold was still evident through the film (peaks indicated by *) due to the thinness and heterogeneity of the deposition. Spectra are also shown for the composite film exposed to 5.3% HF headspace (B), the same sample as shown in B but after 14 days of air exposure (C), the composite film exposed to 15% HF headspace (D), and the same sample as shown in D but after 14 days of air exposure (E). Fluorine content in the near surface region was retained after prolonged exposure to atmosphere. The fluorine content correlated with the amount of HF exposure and also appeared to correlate with the amount of titania in the near surface region. , and an additional film exposed to 15 wt.% HF headspace (500 ppm) (C). The Ti 2p peak broadens and shifts to higher binding energy with increasing HF exposures.
DEVICE FABRICATION
A classic wire-grid polarizer is commonly metal/insulator/metal traces patterned across a surface. Due to significant solid loadings (> 40 wt. %), the HF sensitive nano-composite material could not be patterned using standard lithographic technique or unique approaches, such as; micro-molding or dip pen lithography. Therefore, a novel approach to patterning this nano-composite material into a wire-grid polarizer needed to be investigated.
The development of a flexible nano-composite tag uses SOI processing and a new design on improving the robustness of the silicon fins versus previous substrate structures. We chose a running bond wire-grid pattern, shown in Figure 5 (a), (b) , and (c), which provides local and regional structural support with uniform strain relief. A front to back aligned etch well enables DRIE to remove the bulk silicon for to make a membrane structural enough for coating and die release for testing. Even though thinned silicon, less than 60 m thick, has very low intrinsic stress when free standing, an oxide membrane with thin silicon has enough stress to delaminate from the substrate if no opposing tension is placed on the surface. Therefore, a staggered brick pattern and window screen design was chosen to help with balancing stress of the membrane and improve general handling of the devices during die separation from the wafer. A silicon-on-oxide (SOI) template was developed using standard lithographic techniques and was used to generate 1.10 m silicon fins and spaces (nominal width). The etched spaces are back filled using a drop cast of suspended nano-composite which is then followed by a roll coating technique, shown in Figure 6 (a ) and (b) . This template aligns the conductive nano-composite into a wire-grid polarizer described in Figure 6 (b) . The template enables a large area to be infiltrated by the nano-composite, while maintaining a critical minimum thickness of 2.5m to 3.0m for optimal conductivity. The silicon on oxide (SOI) wafers are purchased with a 5 micron device layer, a 300 nm buried silicon dioxide (BOX) layer, and a 400 m handle. A 200 nm silicon dioxide layer is then deposited on the device and handle of the wafer, which is followed by standard lithography to produce the running bond wire-grid polarizer on the device side of the wafer. Once completed, the wire-grid pattern is then reactive ion etched only into the silicon dioxide and the photochemical mask is removed using an oxygen plasma in preparation for alignment of the DRIE etch well, The etch well, on the handle layer side of the silicon wafer is etched into the silicon oxide using reactive ion etching followed by DRIE etching to reach the BOX. The photochemical mask and oxide is then removed from the backside using oxygen plasma and RIE and the wafer is orientated to the device side for DRIE etching the silicon fins. Through this process flow, the tolerance of over etch on the silicon fins can be managed without risking loss of the total device. However during development cycles it was noted to not finish with the deep etch well due to stiction on the wafer chuck, etch chemistry damaging devices, and general handling difficulties.
The final release area is 1centimeter (cm) by 1cm on a side with a 5 m tall fin. Figure 7 (a), (b), and ( c ) show a series of scanning electron microscope images of a released device. A coated device is depicted in Figure 7 (d).
Micro-masking and silicon pillars formed from the DRIE etch process (due to the depth of the backside etch well) suggests tuning the CF 4 /SF 6 chemistry ratio or duty cycle as a function of depth should be explored in future work. 
OPTICAL CHARACTERIZATION
A laboratory system was constructed to characterize the polarization response of the optical devices. Figure 8 shows the basic measurement system. A laser with a wavelength of 3.39 m is used to illuminate the device under test (DUT) with a linearly polarized input. The orientation of this input polarization is rotated using a halfwave plate. As the halfwave plate is rotated through degrees, the linear polarization rotates by 2 degrees. The illuminating laser is chopped so that the output of the cooled HgCdTe detectors can be routed to lock-in amplifiers to reject spurious noise. Figure 8 . Describing the MWIR test setup used for evaluating the optical tags in reflectance mode. Figure 9 (a) shows a preliminary result from free standing infiltrated SOI grating exhibiting a strong polarization signature before exposure to HF as well as a significant change in this signal after exposure, Figure 9 (b), shows the beam size and interrogation area under a thermal imaging camera. The exposure here was done in the vapor phase by placing the device in the headspace above an HF solution with an exposure time 24 hrs under 30 ppm ( 5.3 wt.% HF in solution). The amplitude inconsistences suggest the beam is moving in a non-symmetrical pattern on the detector during interrogation. This leads peak to peak variations in the data set. 
CONCLUSION AND FUTURE WORK
We present our progress in developing a passive flexible polarizer for HF sensing using nano-materials and silane blended polymers. Unexposed and exposed nano-composite films suggest a Si-F and/or Ti-F bond formation as the primary detection mechanism, though this still requires further investigation. The development of a free standing silicon template using a novel running bond pattern in SOI was demonstrated, and a unique roll coating and drop casting procedure was identified. Fabricated devices were exposed to 30 ppm headspace vapor and demonstrated a change in optical polarization response after exposure.
